Abstract-In this investigation, we have tested the potential usefulness of variable fluorescence, i.e., the potential photochemical efficiency of photosystem II (F v /F m ), determined with a fast repetition rate fluorometer (FRRF), as an indicator of the effect of metal pollution on natural phytoplankton assemblages. Phytoplankton populations were collected from an eutrophic embayment and exposed to different copper concentrations within the ppb range for 4 d. Enhanced photosynthesis was found for Cu concentrations of 10 and 20 g/L, at very short exposure times (1 and 5 h). However, after 72 h even at 10 g/L of Cu, F v /F m -values were significantly lower than those measured in the control. The highest Cu concentration tested (80 g/L) caused a statistically significant decrease of F v /F m after 5 h. This response was contrasted with parallel determinations of chlorophyll a concentration, measurements of photosynthetic O 2 production rates, and changes in the taxonomic composition and size structure of the microplankton communities. A reduction in overall particle size was found at Cu concentrations of 80 and 40 g/L. Enhanced abundance of flagellates and the diatom Pseudonitzschia pungens was observed at 20 g/L of copper. This study demonstrates the utility of this methodological approach as a rapid, nondestructive way for detecting trace-metal toxicity on natural phytoplankton.
INTRODUCTION
Chlorophyll a (Chl a) concentration, photosynthetic rate, and growth rate are the most commonly measured variables in microalgae bioassays. Concentration of Chl a is used as total biomass estimation; photosynthetic rate frequently is measured to assess short-term inorganic chemical toxicity in algae; and growth rate generally is accepted as an endpoint for standard toxicity tests because it is measured easily and reflects an integrated effect on all physiological processes for every chemical [1] . It is important as well because a decreased algal growth may impact productivity of higher-level consumers. In general, all these methodological approaches share the limitation of their slowness and, in some cases, complexity, making them unsuitable for experimentation under sea-truth conditions.
The toxic effect of copper mainly is focused on the photosystem II-photosystem I electron transport flow [2] . Because copper affects photosynthesis before all other physiological processes, photosynthetic-related variables are adequate as endpoint variables in microalgae bioassays with copper. In this regard, some studies have focused on the effect of copper on Chl a fluorescence yield (number of photons emitted relative to the photons absorbed), which would show a differential response depending on the side (donor or acceptor) of the reaction center where the electron flow in the photosystem II (PSII) is inhibited. Thus, Cid et al. [3] reported increases in Chl a fluorescence of Phaeodactylum tricornutum at very high copper concentration (1,000 g/L), whereas Franklin et al. [4] found inhibition of Chl a fluorescence and pointed out that this variable was not a sensitive indicator of copper toxicity over short-term exposures.
In this investigation, we determined the ratio between variable fluorescence (F v ) and maximum fluorescence (F m ) [5] to monitor the toxic effect of copper on natural phytoplankton assemblages. This variable (F v /F m ) quantitatively can be related to the potential photochemical efficiency of PSII or to the maximum quantum yield of photosynthesis ( po ). Briefly, when all PSII reaction centers are open, the probability of excitation escape is low and fluorescence is minimal (F 0 ). When PSII reaction centers are closed, the absorbed excitation energy cannot be used in photochemistry. Under such conditions, fluorescence rises to a maximum value (F m ). Variable fluorescence is defined as F m minus F 0 . Thus, the ratio of F v to F m reflects the probability of PSII reaction centers to use the available excitation energy for photochemistry.
This variable recently has been used to assess, among other toxicants, the effect of Hg and metolachlor [6, 7] , Cu [8, 9] , and sewage treatment plant effluent [10] on freshwater microalgae or the effect of copper on monospecific and natural freshwater algal biofilms [11] [12] [13] [14] . However, to the best of our knowledge, there are no studies addressing the response of natural phytoplankton assemblages to the input of copper into the marine environment, mainly because the fluorescence technique adopted in the above-mentioned studies, pulse amplitude modulated fluorometry, does not obtain reliable F v /F m estimates under low phytoplankton abundance conditions. Thus, current bioassays generally require either high cell densities that exceed values typically found in natural waters or an additional filtration step prior to the fluorescence measurement to concentrate the microalgae [6] [7] [8] 10 ]. This last technique was used by Marwood et al. [15] [16] [17] to test polycyclic aromatic hydrocarbon toxicity and photoinhibition in freshwater phytoplankton assemblages using pulse amplitude modulated fluorometry. Environ. Toxicol. Chem. 25, 2006 P. Pérez et al.
To overcome this limitation, we used a fast repetition-rate fluorometer (FRRF), Fast tracka I (Chelsea Instruments, Surrey, UK) [5, 18, 19] , to measure the potential photochemical efficiency of photosystem II (F v /F m ) of natural phytoplankton collected from a highly productive marine embayment (Ría de Vigo, NW Spain). The FRR fluorescence technique provides real-time and nondestructive measurements of phytoplankton photosynthetic variables and requires little or no experimental manipulation, thereby avoiding artifacts associated with bottle incubations and providing robust measurements even in oligotrophic open ocean environments (e.g., [20] ). In this study, the observed patterns of phytoplankton response to copper toxicity based on FRRF-derived measurements were contrasted with parallel determinations of chlorophyll a concentration and photosynthetic O 2 production rates, as well as with changes in particle size-structure and microplankton community composition.
MATERIALS AND METHODS
Surface coastal seawater was taken from a station in the Ría de Vigo (Galicia, Spain; 42Њ15.24ЈN, 8Њ44.24ЈW) on May 15, 2003 . Once in the laboratory, the sample seawater was filtered through a 160-m mesh net to avoid grazing by large organisms during the incubation; dispensed into 15 polycarbonate bottles (4 L), material with a negligible metal adsorption capacity [21] Photosynthetic oxygen production was determined on the first day of exposure to copper during a 24-h incubation. At the end of the experiment, one sample per treatment was fixed with Lugol for phytoplankton species identification.
Chl a concentration and phytoplankton species composition
Seawater samples of 50 ml were collected from each replicate and filtered through 0.2-m polycarbonate Millipore filters (Millipore Iberica S.A., Madrid, Spain) for the determination of total Chl a. Additional 50 ml samples were filtered sequentially through 5-and 0.2-m pore-size Millipore polycarbonate filters. Chlorophyll a was extracted in 90% acetone at Ϫ20ЊC for approximately 24 h. Samples were analyzed using a Turner TD-700 fluorometer (Turner Designs, Sunnyvale, CA, USA) calibrated against pure Chl-a standards. Identification and counting of nano-and microplankton were carried out with an inverted microscope on 50-ml composite sedimentation chambers.
Particle abundance and size structure
Particle counts were carried out with a Coulter Counter Z2 particle size analyzer (Beckman-Coulter, Miami, FL, USA) in 14 size classes from 1 to 30 m. After being transformed logarithmically, the slopes of the abundance size spectra were calculated as explained in Rodríguez [22] .
FRR-fluorescence measurements
The FRRF was configured allowing only the light chamber to flash, where the samples (40 ml) were measured in darkness using an optic glass cuvette. The FRRF was operated using the autogaining mechanism under a boot protocol, which provides a saturating flash sequence consisting of a series of 100 saturation flashes (1.34-s flash duration and 2.8-s flash period) and a series of 20 relaxation flashes (1.34-s flash duration and 51.6-s flash period). Values of F v /F m from seawater samples drawn daily from the experimental bottles and filtered through Millipore glass-fiber filters were used as fluorescence blanks [23] . Fluorescence blank readings always were lower than 38% of the sample fluorescence. Three subreplicates from each bottle were measured after being dark-adapted for 30 min in order to allow relaxation of nonphotochemical quenching [18] . Twenty-five acquisitions of eight averaged flash sequences were obtained for each subreplicate at the different exposure times. Data were logged into the internal memory card, downloaded further, and processed using the Fast tracka postprocessing software Frs (provided by Chelsea Instruments). The ratio F v /F m was calculated for each subreplicate, and then a mean of the three values was obtained for each bottle. Finally, a mean value per treatment was estimated.
O 2 production
Dissolved oxygen concentration was measured in two out of the three replicates of each treatment. Gravimetrically calibrated 50-ml borosilicate glass bottles were filled carefully from the experimental bottles using silicon tubing. Fixing and storing procedures, reagents, and standardization followed the recommendations by Grasshoff et al. [24] . Measurements of dissolved oxygen were made with an automated Winkler titration system Metrohm 721 Net Titrino (Metrohm, Herisau, Switzerland), using a potentiometric endpoint [25, 26] . Oxygen saturation was calculated using the equations for the oxygen solubility in seawater of Benson and Krause [27] .
Net community production (photosynthetic O 2 production minus community respiration) was determined for each treatment by assessing changes in dissolved oxygen after light incubations. Four water samples were collected from two out of the three replicates of every treatment. Two samples were fixed immediately for initial oxygen concentrations and the other two were incubated under the same temperature, irradiance, and photoperiod conditions as the experimental cultures. After the 24-h incubation period, dissolved oxygen concentration was determined following the method described above. Production rates were calculated from the difference between the mean of the replicate light incubated and zero time analyses: Net community production ϭ measured ⌬O 2 in light bottles (mean of [O 2 
] in 24-h light-mean initial [O 2 ]).

Copper measurements
In order to check Cu concentrations during the experiment, one sample (25 ml) was collected from the third replicate of Error bars represent the standard deviation of the mean (n ϭ 3).
every treatment. Samples were filtered through 0.2-m Millipore polycarbonate filters at 1.5, 6, 24, 48, 72, and 96 h, and the filtrate kept refrigerated at pH ϭ 2 (HNO 3 69% ultrapure, Scharlau, Barcelona, Spain) in polypropylene vials until further analysis. Square wave anodic stripping voltammetry analyses were carried out with a hanging mercury drop electrode, an Ag/ AgCl reference, and a Pt-rod auxiliary electrode held in a Metrohm 663 VA polarographic stand (Metrohm, Herisau, Switzerland) coupled to an Eco-Chemie AutoLab PGSTAT10 potentiostat (Eco Chemie, Utrecht, The Netherlands). Samples were placed in a 20ЊC thermostatic Teflon cell. After solutions had been purged with N 2 for 180 s, copper was accumulated on a mercury drop of 0.52 mm 2 at Ϫ0.55 V for 60 s at the maximum stirring speed (3,000 rpm), and 10 s of equilibration were allowed before the voltage scan. The conditions of the square wave scan were initial potential of Ϫ0.55 V, amplitude of 25 mV, frequency of 25Hz, and scan increment of 1.95 mV. Three voltammograms were recorded for each solution and the mean value of the peak heights was calculated. Samples with increasing Cu additions were measured sequentially, starting from the culture filtrate with no Cu added. The possible effect of nutrients on copper speciation was studied by means of Visual MINTEQ Version 2.32 (http://www.lwr.kth.se/english/ OurSoftware/Vminteq/), a chemical equilibrium model for the calculation of metal speciation for natural waters. Calculations were performed with the default complexation stability constants given by the software database. The seawater medium composition used was taken from Lorenzo et al. [28] . Temperature was fixed at 18ЊC, total H concentration was given by the alkalinity value of the artificial seawater (2.38 mM), the ionic strength used was I ϭ 0.64 M, and CO 2 pressure was assumed to be in equilibrium with the atmosphere ( p ϭ 3.5 10 Ϫ4 atm). Data were analyzed statistically by one-way analysis of variance (ANOVA), after checking normality (Saphiro-Wilk test) and homocedasticity (Levene test), using SPSS 12.0.1 (SPSS, Chicago, IL, USA) software. Whenever significant differences among groups were found, every treatment was compared with the control using Dunnett post hoc test ( p Ͻ 0.05).
RESULTS
Copper measurements
The results presented in Table 1 show that the concentration of copper did not decrease throughout the experiment, and the average concentration ranged between 104 and 100% of the nominal Cu levels. Cu concentration in control was 2.6 Ϯ 0.8 g/L.
Copper inorganic speciation in seawater, as reflected by MINTEQ, was dominated by carbonate complexes (70% Chlorophyll a, phytoplankton species composition, and particle-size spectra Figure 1 shows the temporal evolution of Chl a concentration in the different experimental treatments. The control experimental bottles and those exposed to 10 g/L reached the highest Chl a concentrations after 24 h, and remained permanently higher than the rest of treatments throughout the experiment. In contrast, Chl a decreased from the beginning of the experiment in the experimental bottles exposed to copper concentrations Ն20 g/L. After 24 h of exposure, statistically significant differences were already found in all experimental bottles exposed to copper when compared to the control (AN-OVA, p ϭ 0.001; Dunnett's test, p Ͻ 0.04). These differences disappeared at 96 h (ANOVA, p ϭ 0.08).
The abundance of dominant phytoplankton groups for every treatment is shown in Figure 2A . Diatom abundance decreased as Cu concentration increased (diatom abundance ϭ Ϫ270.42[Cu] ϩ 1,604.9; r 2 ϭ 0.86, 76% decrease in the 80 g/L-culture as compared to the control). The maximum flagellate abundance was found at 20 g/L, decreasing at higher and lower Cu concentrations, whereas Dinoflagellate abundance also showed lower values in those populations exposed to copper (66% decrease in the culture exposed to 80 g/L as compared to the control). Figure 2B gives a closer view of the changes in the abundance of three dominant diatom species: Chaetoceros curvisetus, Leptocylindrus danicus, and Pseudonitzschia pungens. These species grew in the control after 4 d of exposure; however, their abundance decreased drastically in populations exposed to copper, except for P. pungens, whose growth seemed favored by low copper concentrations. The toxic effect of copper on P. pungens was found only at 40 g/L.
The temporal evolution of particle-size spectra in the control bottles and in those exposed to 10 and 20 g/L showed a nearly constant size structure throughout the experiment (Fig.  3) . However, the natural assemblages exposed to 40 and 80 g/L of copper suffered a progressive shift in particle size- structure toward smaller particles, as indicated by the lower slopes of the log-biovolume versus log-abundance relationship measured after 4 d of exposure to Cu.
Potential photochemical efficiency of PSII
The temporal evolution of the ratio for each experimental treatment is shown in Figure 4 . 
Relationship between F v /F m and phytoplankton production and growth
We assessed the relationship between FRRF-based measurements and phytoplankton growth rate by comparing F v /F m values and the chlorophyll-specific growth rate ( Chl ) measured after 24 h of exposure to copper (Fig. 6A) , the only time when positive growth was recorded in the control (Fig.  1) . A significant logarithmic relationship was found between both variables (F v /F m ϭ 0.3844 ϩ 0.02913ln( Chl Ϫ 1.283): r 2 ϭ 0.88, ANOVA, p Ͻ 0.0001).
We then investigated the relationship between F v /F m and phytoplankton productivity, as estimated from the chlorophyllnormalized net O 2 production in the experimental bottles and found a statistically significant linear relationship between both variables (F v /F m ϭ 0.377 ϩ 0.013[net community production]/ [Chl a]: r 2 ϭ 0.90, ANOVA, p ϭ 0.01; Fig. 6B ).
DISCUSSION
Effect of Cu on phytoplankton biomass and community composition
In this investigation, we found that lower Chl a concentrations were measured in the experimental bottles exposed to higher Cu concentrations and that this effect was dose-dependent. Statistically significant differences between treatments were found after a 24-h exposure at the lowest Cu concentration. However, these differences were not significant after 96 h, possibly due to the decrease in Chl a observed in the control treatment. The use of Chl a as an estimator of phytoplankton biomass in ecotoxicological studies might be assessed cautiously as an assumption that changes in Chl a concentration in different treatments can result from either changes in cell abundance or changes in the composition of photosynthetic pigments (e.g., [29] ). When the evolution of Chl a concentration ( Fig. 1) and F v /F m (Fig. 4) in the experimental bottles exposed to Cu were compared, we found that, even though Chl a in the control and Cu-exposed cultures did not significantly differed at the end of the experiment, temporal changes in F v /F m revealed the existence of a chronic effect of copper on the natural population. These findings suggest that the decrease in Chl a concentration recorded in the control probably was due to the removal of phytoplankton cells by grazers rather than to a reduction in the photosynthetic capacity of primary producers. An alternative explanation to the decline in Chl a concentration observed in the control could be related to nutrient limitation of phytoplankton. However, the relatively high F v /F m values recorded in the control, typical of actively growing populations, make this explanation unlikely and support the hypothesis of a top-down control of phytoplankton biomass in the control experimental treatment.
Not only did total F v /F m values decrease in Cu-exposed communities, but a shift in species dominance was also recorded (Fig. 2) . It is well known that exposure to inorganic toxic chemicals often exerts a selection pressure on the community that reduces the abundance of pollution-sensitive species and either increases or does not alter the abundance of tolerant species. In general, diatoms are sensitive phytoplankters with respect to trace metals and other toxicants [30] . In this study, we also found that the total abundance of diatoms decreased linearly with respect to Cu concentration ( Fig. 2A) . Fisher and Frood [30] found a similar relationship between growth rate and cellular load of copper in four species of diatoms, and Sanders and Cibik [31] reported a decline in the abundance of large centric diatoms when natural communities were exposed to arsenic. However, diatom species are known to show differential responses to toxicants; small diatoms are favored under arsenic exposure, whereas chain-forming centric diatoms proliferated after silver inputs [31] . We also detected this differential response. The diatoms C. curvisetus and L. danicus followed the declining pattern described above. By contrast, P. pungens showed an increase in abundance at 20 g/L of copper (Fig. 2B ). Fisher and Frood [30] found differences in the resistance to pollutants even among diatom strains. An increase in the abundance of flagellates in Cuexposed treatments was found ( Fig. 2A) , a similar result to that reported by Sanders and Cibik [31] when exposing natural communities to arsenic.
Community size structure is known to be a key variable in the trophic organization of planktonic ecosystems [32] . Thus, monitoring community size structure might be of interest in toxicological tests undertaken on natural phytoplankton assemblages. In this study, cultures exposed to Ն20 g/L of Cu showed a shift in size structure toward smaller sizes after 48 h of exposure (Fig. 3) . This difference remained until 96 h in the 40 and 80 g/L treatments, where microalgae were in very poor condition as reflected by microscopic observation of the samples. Therefore, not only biomass decreased in cultures exposed to high Cu concentration, but the size structure of the microbial communities also became affected. Cibik [31] found that arsenic inputs led to reductions in the overall cell size of a natural community, due to a replacement of large centric diatoms by smaller diatom and flagellates. Because electronic particle counting does not discriminate between living and nonliving material, neither autotrophic from heterotrophic organisms, we tried to find out the nature of the smaller cells in this experiment by comparing the results derived from particle-size spectra with changes in size-fractioned Chl a. Significant differences in the contribution of Ͻ5-m phytoplankton were not found among treatments throughout the experiment (ANOVA, p Ͼ 0.05; data not shown), suggesting that the shift toward smaller particle sizes resulting from Cu additions likely results from the proliferation of heterotrophic cells. Those cells would take advantage of the extra dissolved organic material generated by the lysis of copperpoisoned cells or of organic compounds that the microalgae may produce under metal exposure, acting as complexing ligands for Cu ϩ2 [21, 33, 34] . The hypothesized increase in heterotrophic cells in Cu-exposed cultures is consistent with the observation of O 2 consumption exceeding O 2 production in the experimental treatments exposed to copper (Fig. 6B) .
Cu effect on the potential photochemical efficiency of PSII
We found that F v /F m values, indicator of the maximum quantum yield of photosynthesis, were somewhat higher in the experimental bottles exposed to 10 and 20 g/L of Cu as compared to the control after 1 and 5 h of exposure, although these differences were not statistically significant (1 h: AN-OVA, p ϭ 0.32; Dunnett's test, p Ͼ 0.34; 5 h: ANOVA, p Ͻ 0.01; Dunnett's test: p Ͼ 0.25; Fig. 4 ). This observation likely results from hormesis, i.e., the tendency for low levels of toxic substances to stimulate rather than reduce physiological responses related to cell growth such as F v /F m [35] . Copper is an essential micronutrient whose uptake rate is related to the external metal concentration [36] . In the 10-and 20-g/L treatments, photosynthesis would be enhanced as a short time effect, shifting to a deleterious effect after 2 d of exposure when the incorporation of copper might be too high, thus affecting the photosynthetic electron transport. Concentrations of Cu Ն 10 g/L seemed to be toxic for the phytoplankton populations and, even though the growth of some species was favored at Cu concentrations of 10 and 20 g/L (e.g., P. pungens; Fig.  2B ), both Chl a concentrations and F v /F m values in Cu-exposed treatments were lower than in the control from 24 h on, except in the case of Chl a at 96 h, when the control reached the Chl a levels of Cu-exposed treatments.
After only 5 h of exposure to copper, F v /F m values in the 80-g/L treatment were significantly lower than in the control. The ratio F v /F m was the most rapid sensitive response to copper toxicity among the variables measured. The inverse relationship found between Cu concentration and F v /F m (Fig. 5) illustrates the direct effect of copper on the photochemistry of natural phytoplankton assemblages. This correlation remained unaltered from 5 h of exposure until the end of the experiment (ANOVA, p Ͻ 0.009; r 2 Ͼ 0.42). This relationship, however, was not statistically significant at 1 h of exposure to Cu (AN-OVA, p ϭ 0.117; r 2 ϭ 0.18), suggesting that this short period of time may not be enough for the microalgae to react to the new conditions. The fact that the best fit between Cu concentration and F v /F m was found after short exposure times (5 and 24 h; r 2 ϭ 0.63 and 0.68, respectively) agrees with Nyholm and Källqvist [37] , who pointed out that test duration should be restricted to the initial period when exponential growth prevails in the controls and total nutrient content is the same in all experimental treatments. This probably contributes, as well as grazing, to explain why a significant relationship between Chl a-specific growth rate versus F v /F m was found only after 24 h of exposure to Cu (Fig. 6A) . Moreover, short-term decrease in potential photochemical efficiency provided a rapid and nondestructive indication of reduced community production (Fig. 6B) and, thus, long-term effects at ecosystem level.
CONCLUSION
In short, the results presented in this study indicate that F v /F m is a suitable response variable for the detection of the effect of copper on natural phytoplankton populations due to its sensitivity, the specificity to photosynthetic organisms, its significant relationship to phytoplankton growth, and the low amount of time involved in the measurement. However, these results do not allow the extrapolation of the reliability of this monitoring approach to conditions not tested in this experiment. It should be expected that the characteristic seasonal variability in the physical, chemical, and biological properties of the planktonic ecosystem would result in differential responses of F v /F m to Cu toxicity. Thus, changes in phytoplankton biomass [38] or physiological state, community composition, and dissolved organic mater concentration might affect Cu toxicity. For instance, seawater with a high content of dissolved organic carbon may be expected to reduce the copper toxic effect in comparison to water with a low organic load due to the differential chelating ability of both substrates [30] . For these reasons, further research currently is being conducted to investigate the variability in the response of FRR-based fluorescence measurements (F v /F m ) of natural phytoplankton to Cu toxicity in assemblages sampled in different oceanographic conditions.
